This paper studied denitrifying phosphorus removal of a novel two-line biological nutrient removal process treating low strength domestic wastewater under different sludge recycling ratios. Mass balance of intracellular compounds including polyhydroxyvalerate, polyhydroxybutyrate and glycogen was investigated together with total nitrogen (TN) and total phosphorus (TP). Results showed that sludge recycling ratios had a significant influence on the use of organics along bioreactors and 73.6% of the average removal efficiency was obtained when the influent chemical oxygen demand (COD) ranged from 175.9 mgL À1 to 189.9 mgL À1 . The process performed better under a sludge recycling ratio of 100% compared to 25% and 50% in terms of ammonia and COD removal rates. Overall, TN removal efficiency for 50% and 100% sludge recycling ratios were 56.4% and 61.9%, respectively, unlike the big gap for carbon utilization and the TP removal rates, indicating that the effect of sludge recycling ratio on the anaerobic compartments had been counteracted by change in the efficiency of other compartments. The higher ratio of sludge recycling was conducive to the removal of TN, not in favor of TP, and less influence on COD. Thus, 25% was considered to be the optimal sludge recycling ratio.
INTRODUCTION
Eutrophication is a common environmental problem encountering today's world (Parma ; Xiong et al. ) . The development of treatment processes for removing nitrogen (N) and phosphorus (P) with a high efficiency and a low energy consumption could reduce the effluent of N, P and other nutrients discharging to the water bodies (Gernaey & Jørgensen ; Alasino et al. ; Chen et al. ) . The biological treatment processes are attracting increasing attention due to lower cost and less secondary pollution; while the anaerobic-anoxic-aerobic process (A 2 O) is the most commonly used biological nutrient removal (BNR) technology (Wu et al. ; Reza & Cuenca ) . In conventional BNR processes such as A 2 O, N and P removal are implemented in separate compartments or zones, where different microbes interfere with each other in the same system and constrain performance efficiency and stability of the BNR processes.
Carbon source is necessary for both N and P removal in a BNR process; it is very challenging to remove nitrogen and phosphorus simultaneously when the influent carbon to nitrogen ratio (C/N) is lower than 4 and the carbon to phosphorus ratio (C/P) is less than 17 (Alasino et al. ; Semerci & Hasılcı ; Yan et al. ) . Unfortunately, the influent C/N is normally quite low for many Chinese wastewater treatment plants. In some cases, the influent chemical oxygen demand (COD) is lower than 200 mgL À1 while the influent total nitrogen (TN) is higher than 50 mgL À1 . Chemical dosing would be necessary to achieve a satisfactory effluent when the influent carbon strength is insufficient, which makes the system more expensive and less environmentally friendly (Gong et al. ) . A special phosphorus removal microorganism (PAOs) called denitrifying phosphorus removing bacteria (DPB) can remove P and N simultaneously (Liu et al. ) with the same carbon source; it is not merely an important part of PAOs in anaerobic/anoxic/aerobic operations but also worked in anaerobic/ anoxic operations. The DPB produces poly-β-hydroxyalkanoates (PHA) while using energy from decomposition of intracellular polyphosphate under anaerobic conditions, and at the same time, it takes PHA as carbon source and electron donor, and nitrate nitrogen as electron acceptor under oxygen deficit conditions to remove P and N simultaneously (Yin et al. ) . Nitrate and carbon resources are two essential factors for denitrifying phosphorus removal by acting as electron acceptor and donor, respectively; therefore, the C/N ratio is one of the main influential factors. The least C/N requirement for a DPB enriched BNR process could decrease to around 3.0 (Liu et (Saito et al. ) .
The existence of sludge recycling stream and internal return of the mixed liquor also brought complexity to the system. They were vital in the system with additional , where the configuration of the process was proposed as well as the split ratio (AN/AO) was optimized to be 12:8. The configuration is relatively complicated compared to conventional BNR processes ( Figure 1 ). However, it is also compact in space and easy to operate, especially in the commissioning period, since the operation of the six connected bioreactors could be switched very easily. So far, the configuration has been successfully implemented in dozens of field applications in China, with the scale ranging from 5 m 3 /d to 100 m 3 /d. However, the role of some essential parameters such as the sludge recycling ratio still remains unclear in the process, which hindered its wider application.
The sludge recycling ratio is an important parameter that affects nitrogen and phosphorus removal and operating . The aim of this study is to demonstrate effects of different sludge recycling ratios on the enrichment of DPB in a novel two-line AN/AO process performing denitrifying phosphorus removal. Performances of the process under different sludge recycling ratios were investigated; the role of the sludge recycling ratio in balancing pollutants removal and the DPB enrichment within the configuration was investigated.
MATERIALS AND METHODS

Wastewater composition
Domestic wastewater used in the experimental operations was taken from the Tongji Newly Village Pump Station (Shanghai, China) with characteristics listed in Table 1 . Water samples were collected with 100 mL sampling bottles three times a day. The samples were preserved at pH 2, adjusting with the sulphuric acid and then kept at 4 W C before sent to the laboratory for analysis.
Reactor configuration
A laboratory scale BNR reactor with two influent lines was employed to simulate the biological wastewater treatment plant, as shown in Figure 1 . The configuration was composed of three parts, namely an A-N (anaerobic-anoxicanoxic) unit, an A-O (anaerobic-aerobic-aerobic) unit, and a secondary sedimentation settler. The A-N unit was composed of an anaerobic compartment and two anoxic compartments (abbreviated as Ana1, Ano1 and Ano2, respectively). The A-O unit was formed by an anaerobic compartment and two aerobic compartments (abbreviated as Ana2, Aer1 and Aer2, respectively) (Liu et al. ) . The working volume for each bio-reactor and the sedimentation tank was 20 L and 50 L, respectively. Oxygen was provided by air diffusers in Aer1 and Aer2; the nitrate needed in anoxic compartments was provided by the internal return from Aer2 to Ano1; and the external reflux flowed from the settling tank to the anaerobic tanks (Ana1 and Ana2). Blenders were installed in Ana1, Ana2, Ano1 and Ano2. The excess sludge was discharged from Aer2 three times a day with a total volume of 1.2L (Liu et al. ) . Mixed liquor suspended solids (MLSS) in the A-N unit could flow into the A-O unit when plate valves between Ano1 and Aer1, as well as between Ano2 and Aer2, were open.
Operational conditions
The influent split ratio (AN/AO) was set as 12:8 and the total inlet flow was 20 L/h according to the optimization of our previous studies (Liu et al. ) . SRT and HRT for the biochemical system were set to 10 days and 6 h, respectively; the internal return ratios were optimized to be 100% (Liu et al. ) . The sludge recycling ratios were set as 
RESULTS AND DISCUSSION
Effects of sludge recycling ratio on COD removal
Before the study range was selected, trials of sludge recycling ratios with less than 25% and larger than 100% were carried out. When the external recycling ratios are less than 20%, the overall N and P reduction went down sharply, which showed insufficient biomass maintained in the anaerobic compartments. From the field trial aspect of view, it is not necessary to carry out more tests with the sludge recycling ratio between 20% and 25%. The sludge recycling ratio of 25% was thus selected as the representative of the low sludge recycling ratio. When the sludge recycling ratio is greater than 100%, the detrimental effect of sludge recycling ratios on P removal increased seriously due to the consumption of organic carbon by common denitrifiers and, consequently, decreased the P removal efficiency. With the same logic, the sludge return ratio of 100% was used as the representative of a high sludge recycling ratio and 50% as medium sludge recycling ratio. The average COD concentrations varied slightly under different sludge recycling ratios ranging from 175.9 mgL À1 to 189.9 mgL À1 , and the effluent COD changed between 46.3 mgL À1 and 50.0 mgL À1 . COD concentrations along reactors of the process as well as in influent and effluent under different sludge recycling ratios were demonstrated in Table 3 and Figure 2 . Although the COD profiles were quite similar under different sludge recycling ratios, the gap between the two curves increased with the sludge recycling ratio, which implicated that more soluble COD was removed in the anaerobic tank with increasing sludge recycling ratios. Intracellular compounds including PHV, PHB and GLY were demonstrated in Figure 3 . The PHB content in dry sludge decreased dramatically in the anaerobic tank with increase of the sludge recycling ratio. When the sludge recycling ratio was between 50% and 100%, the PHV content in dry sludge had a significant decrease even if the absolute PHV concentrations were comparable, since the sludge concentration in the anaerobic tank was about 1.25 times higher when the sludge recycling ratio was 100%. The oxidation of both PHB and PHV was quite different in aerobic tanks that produced energy required for biomass growth and GLY replenishment (Oehmen et al. ) . Increasing sludge recycling ratio does not help PHAs generation in the anaerobic tank or PHAs consumption in the anoxic-aerobic compartments, mainly because the amount and type of PHAs had not been fully used by the electron acceptor and electron donors. The change of GLY was in accordance with the change of phosphorus removal.
Effects of sludge recycling ratio on N removal
Increasing the sludge recycling ratio changed the overall denitrification rate of the study process (Table 3) . When the sludge recycling ratio increased from 50% to 100%, the nitrogen removal rate of the process was also improved. The nitrogen removal in the anaerobic tank was dependent on ordinary denitrification bacteria while in anoxic compartments it was mainly dependent on DPB, according to COD distribution in reactors. Nitrogen removal in anaerobic compartments increased from 8.8 mgL À1 to 11.8 mgL À1 when the sludge recycling ratio increased from 25% to 50%, and increased from 11.8 mgL À1 to 22.0 mgL À1 when the sludge recycling ratio increased from 50% to 100%. However, in anoxic compartments, where the denitrifying phosphorus takes place, the denitrifying nitrogen removal declined from 17.7 mgL À1 to 13.5 mgL À1 when the sludge recycling ratio increased from 25% to 50%, and declined from 13.5 mgL À1 to 9.0 mgL À1 when the sludge recycling ratio increased from 50% to 100%. Overall, TN removal efficiency for 50% and 100% sludge recycling ratios were 56.4% and 61.9%, respectively, unlike the big gap under the two sludge recycling ratios for both carbon utilization and the TP removal rates, indicating that the effect of sludge recycling ratio on the anaerobic compartments has been counteracted by change in the efficiency of other compartments, which would also interact with the internal return ratio (Figure 4) . Figure 5 shows the distributions of NH 3 -N, NO 3 -N and NO 2 -N under different sludge recycling ratios.
The sludge recycling ratios did not have a significant effect on nitrification in the process (Figures 4 and 5 ) (Zeng et al. ) . The effluent ammonia was lower than 1.0 mgL À1 , which indicated that most of the ammonia was gradually oxidized to nitrite or nitrate. The sum of nitrite and nitrate was slightly lower when the ratio was 100% than with the other two ratios. The total amount of nitrite and nitrate remained similar when the sludge recycling ratio was between 25% and 50%, but the nitrate increased with the sludge recycling ratios.
Effects of sludge recycling ratio on TP removal
TP concentrations under different sludge recycling ratios are shown in Table 3 and Figure 6 ; the P content in the sludge is shown in Figure 7 . Different sludge recycling ratios led to different phosphorus release in anaerobic compartments; the higher the ratio was, the lower the amount of released P. When the sludge recycling ratio was 25%, P release was 2.9 mgL À1 in anaerobic tanks, while phosphorus release was 1.8 mgL À1 and 1.3 mgL À1 when the sludge recycling ratio was 50% and 100%, respectively. Phosphorus uptake declined in anoxic and aerobic tanks along with the increase of sludge recycling ratios. High sludge recycling ratios were detrimental to anoxic phosphorus removal. The TP removal efficiency has been reduced significantly from 64.4% to 48% when the return ratio increases from 50% to 100%.
Increasing the sludge recycling ratio from 25% to 50% led to an increase of TP concentrations to 0.2 mgL À1 in Aer1; the TP concentration in Aer2 decreased significantly when the sludge recycling ratio was 100%. High sludge recycling cannot be associated directly to anoxic phosphorus removal since it caused a decrease in P release due to the utilization of organic carbon by denitrification and consequently negatively affects the P removal efficiency. The carbon source shortage played a major role rather than the multistage electron acceptor barrier strategy.
The P content in sludge decreased gradually with the increase of the sludge recycling ratios. The phosphorus percentage of the biomass in Aer2 were about 7.2%, 4.0% and 2.6% when the sludge recycling ratios were 25%, 50% and 100%, respectively (Figure 7) . 
Mass balance of C, N and P under different sludge recycling ratios
The mass balance of COD, TN and TP under different sludge recycling ratios is shown in Table 4 . The input COD ranged from 84.432 g/d to 91.152 g/d and the relative error was 9-24%. When the sludge recycling ratio was 100%, the total COD consumption was only 11.760 gd À1 in the anoxic tank, which was roughly 13% as in the influent. COD also declined in the aerobic tank, which indicated that influent carbon source was preferably utilized for common denitrifying bacteria and deprived the carbon source for dephosphorization in anoxic and aerobic tanks.
The input N ranged from 21.216 g/d to 23.232 g/d and the relative error was 3-8%. TN reduction increased with the sludge recycling ratio; however, in the anoxic tank it decreased with the denitrifying phosphorus removal effect. Overall, the carbon source for denitrification would be a high priority when the sludge recycling ratio is increased and the phosphorus removal declined when the total carbon in the influent was limited.
The input P ranged from 2.160 g/d to 2.400 g/d and the relative error was 19-29%. The P content in sludge would be mitigated with the increase of the sludge recycling ratio.
CONCLUSIONS
The sludge recycling ratio played a significant role in enhancing denitrifying phosphorus removal. The detrimental effect of higher sludge recycling ratios on TN and TP removal was very obvious when the sludge recycling ratio was greater than 50%; however, it barely had any influence on the effluent TP when the sludge recycling ratio was less than 50%. Overall, TN removal efficiency for 50% and 100% sludge recycling ratios were comparable at similar levels, unlike the big gap under the two sludge recycling ratios for both carbon utilization and the TP removal rates, indicating that the effect of sludge recycling ratio on the anaerobic compartments had been counteracted by changes in efficiency of the other compartments, which would also interact with the internal return ratio. The carbon source for denitrification would be a high priority when the sludge recycling ratio was increased and phosphorus removal declined when the total carbon in influent was limited. The higher ratio of sludge recycling was conducive to the removal of TN, not in favor of TP, and less influence on COD. Thus, 25% was considered to be the optimal sludge recycling ratio with the average effluent COD, NH 3 -N, TN and TP concentrations of 43.6 mg/L, 0.52 mg/ L, 20.0 mg/L, and 0.7 mg/L, respectively. 
